Objective: Brainstem cavernous malformation (BSCM) is extremely challenging for neurosurgeons in terms of surgical approach choices. In this article, we summarized our experience in skull base approaches of BSCM, and elucidated the advance of surgical treatments of brain stem cavernous malformation through reviewing recent relevant articles.
Introduction
Cavernous malformation (CM) originated from brain stem is a rare vascular disease in the population, with the constitution of 0.01%-0.05% [1] [2] [3] [4] [5] . By the reason of eloquent locations, brainstem cavernous malformations (BSCMs) [6, 7] present prodigious microsurgical challenge for neurosurgeons, with high morbidity and mortality.
Although the decision of surgical resection should be prudently made, there is no doubt that surgical resection has been considered as the optimal choice for the symptomatic and hemorrhagic BSCMs [2, 8] . Brain stem is anatomically divided into three parts: midbrain, pons and medulla. The existing problem is that no single approach can expose the whole area of brainstem. Usually, we advocate tailoring surgical approach personally according to the lesion. BSCMs are different from CMs in other parts of brain in that the surrounding cranial nerves, brainstem nuclei and fibrous tracts are challenging for neurosurgeons to deal with [4, [9] [10] [11] . There are numerous approaches to handle BSCMs, which can be generally divided into three types: anterior, lateral and posterior approach. The anterior approaches mainly include pterional, orbitozygomatic and transoral. The lateral approaches mainly include subtemporal, Kawase and presigmoid approach. The posterior approach handling BSCMs mainly include infratentorial approach, midline suboccipital with or without telovelar, retrosigmoid approach and far lateral approach. In this article, we summarized our experience in treatment and choice of surgical approach of BSCM, and reviewed the recent relevant articles, to discuss the advance of surgical treatments of brain stem cavernous malformation.
Patients and methods
From May 1, 2014 to April 30, 2016, 20 consecutive patients underwent operations in order to resect brainstem cavernous malformations. Of these patients, 10 were men and 10 women, with a mean age of 38.5 years (SD 10.4 years; range, 20-52 years). All those patients were surgically treated by our senior doctor (J. R. Ma) in Xiangya Hospital of Central South University. The inpatient, clinical, and surgical records, radiologic imaging and follow-up data were reviewed.
All the patients were evaluated preoperatively with Magnetic Resonace Imaging (MRI) examination. Computed tomographic angiography (CTA) was performed in 5 cases, and digital subtract angiography (DSA) in 3 cases. The volume of the lesions was calculated by estimating the volume of an ellipsoid. The simplified formula (1/2 × sagittal diameter × coronal diameter × axial diameter) was used in calculating the volume after measurement in MRI.
The follow-up information mainly came from two parts: outpatient physical examination, and phone call contacting patients and their relatives. The follow-up time ranged from 2 months to 20 months (mean 9.5 months, SD 6.6 months). Modified Rankin Scale (mRS) was used to evaluate patients' states both pre-and postsurgery [12, 13] .
Clinical presentation and diagnosis
There is significant difference between BSCMs and CMs located in other parts of brain in signs and symptoms. Almost all of the patients (20 patients) had a sudden onset of focal neurological deficits. Typical symptoms of those patients include hemianesthesia or hemiparesis and either dizziness, headache, nausea, or vertigo. Common symptoms are showed on Table 1 . The most common symptoms of those patients are cranial nerve deficits (60%) and dizziness or vertigo (55%).
MRI is the most necessary examination for BSCMs in terms of diagnosis and differential diagnosis. CTA and DSA play important roles in distinguishing CMs with AVMs. Because of hemorrhage, typical imaging appearances of BSCMs are hyperintense core (methemoglobin) surrounded by hypointense rim (hemosiderin) on both T1-and T2-weighted MRI (Figure 1) . Gradient-echo scan, especially susceptibility weighted imaging (SWI), can be used to find small occult lesions. CTA or DSA generally failed to reveal the BSCMs because of lacking feeding arteries.
Surgery
The surgical approach was designed according to the neurological examination and MRI (including diffusion tensor imaging (DTI), Figure 2 ). The 2-point method advocated by Spetzler and co-authors was employed in selecting surgical approaches [5, 7, 14, 15] . All the lesions were resected under electrophysiological monitoring including motor-evoked potential, somatosensoryevoked potential, and brainstem auditory-evoked potential. All of the operations were performed in park bench positions or supine positions. Totally, we applied the following 3 basic skull base approaches in handling the 20 BSCMs: midline suboccipital approach (14 patients), retrosigmoid approach (3 patients), and subtemporal approach (3 patients). As our experience with BSCMs has enriched, we advocate using simple and protective approaches instead of complex and invasive approaches. Spetzler et al. proposed that almost any BSCMs can be exposed adequately with one of the following basic skull base approaches or their variations: retrosigmoid, far lateral, midline suboccipital with or without telovelar, orbitozygomatic, and supracerebellar-infratentorial. We truly agree with their opinion but we believe that subtemporal approach could be performed in a minimally invasive way with lumbar drainage and protection of vein of Labbé. 
Results
According to MRI findings and symptoms of the patients, sixteen (80%) symptomatic patients underwent surgery after first bleeding episode within 3 months; four patients (20%) underwent surgery after two or more bleeding episodes. The localization of the BSCMs included one in midbrain, eleven in pons and two in medulla oblongata. Six BSCMs were large enough to implicate adjacent area: including three pontomesencephalic and three medullary-pontine. The mean volume of these lesions was 3.15 cm 3 , with a standard deviation of 3.33 cm 3 . A total of 20 operative procedures were performed for the 20 patients without surgical related mortality. The postoperative MRI within 72 hours demonstrated that all the lesions were completely removed. Case 1: A 21-year-old woman presented with acute onset of headache, vertigo, nausea, and vomiting; right hemibody numbness and weakness (2/5); ataxia; mRS 4. The CM was located in the centre of pons (Figure 3) . We approached the lesion by a midline suboccipital with telovelar approach. At 17 months follow-up, the patient has improved numbness and weakness (4/5) on the right but slight ataxia and facial droop on the left, mRS 2.
Case 2: A 40-year-old man was admitted to hospital because of right hemibody weakness (4/5), mRS 2. He was found to have a left anterolateral medullary hemorrhage as a result of underlying CM (Figure 4) . A left retrosigmoid approach was applied to gain access to the lateral medulla oblongata, where the cavernous malformation was observed to come to the surface. When he was discharged, the right hemibody weakness (3/5) was slightly worsened. At 5 months' follow up, the patient had completely recovered and returned to work, mRS 0. 
Discussion
The annual hemorrhage rates of BSCMs ranged from 2.3% to 4.1% in studies of the natural history of the malformations [1, [15] [16] [17] . After the first hemorrhage, however, the risk of further bleeding is increased from 4.5% to 40% annually [18] [19] [20] [21] . In considering that the high morbidity and mortality after first hemorrhage and the much increased re-hemorrhage rate, the microsurgery intervention should be planned for the symptomatic and hemorrhagic BSCMs. In recent years, technological advances, including MRI-guided navigation, neurophysiological monitoring and endoscopic techniques, have already changed the surgical manner of handling BSCMs [8] . We will discuss how to plan an appropriate approach with adequate exposure of BSCMs and how to remove the BSCM in a minimally invasive manner.
Approaches
As we have mentioned, we advocate abandoning the skull base approaches with high rates of morbidity, such as Kawse approach and presigmoid approach. We hold that most of the BSCMs can be adequately T1-weighted (e) postoperative within 72 hours showed that the lesion was totally resected. Enhanced coronal T1-weighted (f) showed no recurrence after 3 months follow-up. Red arrow showed the entry approach (subtemporal approach). exposed and successfully resected with following approaches: midline suboccipital with or without telovelar approach, retrosigmoid approach, and subtemporal approach. Only a small part of BSCMs located in interpeduncle fossa, quadrigeminal area and lower medulla, need orbitozygomatic, supracerebellar infratentorial and far lateral approach. For a few BSCMs located in ventrolateral pons, pterional transsylvian transtentorial approach is a wise choice.
Midline suboccipital with or without telovelar approach
Midline suboccipital with or without telovelar approach is the main approach we used in this series. We prefer park bench positions when we perform this approach. With careful division of tela choroidea and inferior medullary velum, it can provide access to the entire floor of the fourth ventricle up to the aqueduct. In most cases, with the underlying risk of postoperative truncal ataxia, the resection of vermis is not necessary [22] . For the uppermost part of the fourth ventricle lesions, we needed additional exposure by splitting a small portion of the inferior vermis. Giliberto et al. concluded the safe entry zones: the median sulcus above the facial colliculus, the suprafacial triangle, and the infrafacial triangles [23] . We hold that only the BSCM or hemorrhage which can be visible on the floor of fourth ventricle should be excised by means of this approach. In the exceptional lesions, the entry point should be ensured with the aid of DTI, MRI-guided navigation, and neurophysiological monitoring.
Subtemporal approach
Subtemporal approach is used in three cases of this series. All three patients were positioned supine with the head rotated toward the contralateral side of the lesion (the sagittal suture parallel to the floor), and the shoulder was elevated with a sandbag on the operative side in order to minimize excessive rotation of the neck. The lumbar drainage should be placed to release CSF and reduce the temporal lobe retraction. Frontotemporal or temporal craniotomy should be achieved to expose middle fossa base. Vein of Labbé was an important landmark and should be protected carefully. We always chose the surgical route in front of the vein by means of neuronavigation (also called anterior temporal approach). After finding the CN IV entry point, an incision should be made medial to CN IV. An area of lateral peduncle and pons, inferior to posterior root of CN V, and medial to the basilar artery can be achieved. This approach can't expose the area below the posterior root of CN V, which can be exposed through retrosigmoid approach. Šteňo et al. had used the electrical stimulation technique for detection of the topography of pyramidal tract. They reported 9 cases of CMs located in the upper pons and mesencephalon, and by means of this technique they achieved an excellent result [24] . Rigante et al. had described this approach with ten cases and achieved a remarkable outcome with the aid of neuronavigation [25] .
Retrosigmoid approach
Retrosigmoid approach was also used in another three cases of this series. The three patients adopted park bench position. We adopted inverted "L-type" skin incision behind the auricle instead of straight or "S-type" skin incision. We believe that this incision is helpful in exposing the deeper and lower lesions. The bone window should be enough to expose the edge of transverse and sigmoid sinuses. The lower edge of the bone window could be adjusted according to the size and location of the lesion. The CN IV down to the CN XI can be exposed. Lesions of the lateral pons, pontomedullary junction and upper medulla can be resected through this approach. The well-described safety entry zone "peritrigeminal area" located medially to the CN V and laterally to the pyramidal tract [23, 26] . Wang et al. reported a large surgical series of pontine cavernomas; and they got a good result with retrosigmoid approach [27] .
Other approaches
Orbitozygomatic approach is used to expose the anterior and lateral midbrain, interpeduncular fossa, rostral pons and pontomesencephalic junction. We didn't use this approach handling BSCMs in this series, but we often used this approach handling middle fossa base meningomas, Schwannomas, and basilar apex aneurysms. The main complications of this approach include temporary or permanent paresis of frontalis muscle, temporary orbital swelling, enophthalmos of an entrapped globe, cranial neuropathy, and leakage of CSF. Spezler et al. described a large series of BSCMs with 300 patients in 2010. They applied this approach in 18 patients and they achieved a remarkable outcome [5] . More recently, Sekhar et al. reported 22 patients with BSCMs and applied this approach in 5 patients. 4 patients improved in their mRS score; one patient remained, and none reduced [28] . Supracerebellar infratentorial (SCIT) approach has three variant: the median, paramedian, and lateral. BSCMs located on the posterolateral surface of the upper pons and midbrain can be reached through one of the SCIT approaches. The choice of approach depends on the best trajectory between the most superficial point of the lesion and the surface of the cranium ("two points" principle) [15] . In a large series of 300 BSCM patients, they applied the SCIT approach in more than 20% of adult patients [5] . De Oliveira et al. described this approach in detail with 45 BSCM patients. They concluded the indications, techniques, complications, and outcomes of the SCIT approach and its variants [15] . However, we didn't use this approach in this series. The reason can be concluded in two aspects: there was no lesion located in dorsal midbrain in this series and we chose midline suboccipital approach and retrosigmoid approach to resect lesions located in the posterolateral surface of the upper pons.
Far lateral approach was only used in a small part of BSCM patients. This approach can expose inferolateral pons and anterolateral medulla. We used this approach to manage the vertebral aneurysms and lower clival meningiomas. By opening the foramen magnum, the retrosigmoid approach can reach most area of lateral medulla. This was the reason why we rarely used far lateral approach in handling BSCMs. However, Lawton et al. modified this approach and developed the far lateral transpontomedullary sulcus approach (TPMS) to access the deep pontine lesions. They reported four patients underwent this approach and they achieved good outcomes (mRS score ≤2, three patients improved or unchanged) in all patients [29] .
The pterional transsylvian approach was proposed by Yarsargil [30] in order to manage aneurysms. With dissection of tentorium edge medially to the CN IV entry point, the ventrolateral pons can be exposed. Many clinical studies showed this approach is effective and can achieve remarkable outcomes in handling pontine CMs [2, 3, 31] . Most recently, Bao et al. described this approach with four impressive cases and concluded that the exposure of the upper ventral pons around the CN IV entry zone can be achieved [31] .
Minimally invasive but maximally effective techniques
The preoperative planning should be made carefully, having decided to proceed with resection. How to choose the proper approach to reach the lesion was the first problem. A proper approach not only can expose the lesion sufficiently, but also brings a lower rate of morbidity. When tailoring the approach of the BSCM, the two-point method and the safety entry point should be taken into consideration. When the lesion doesn't come to the pial surface, DTI is helpful in identifying the fiber tracts surrounding the lesion bilaterally. MRI-guided navigation and neurophysiological monitoring are effective techniques during the operation of BSCMs. For the small or deep lesions, navigation plays an important role in finding minimally invasive corridors accessing the lesions. Brain shift after brain retraction and releasing CSF can impact the accuracy of navigation. So, localization of small or deep lesions should be made before large retraction of brain and releasing a large amount of CSF. We advocate monitoring motor-evoked potentials, somatosensoryevoked potentials, and brainstem auditory-evoked potentials in all BSCM patients.
Once the lesion has been accessed through a small corridor, manipulation should be strictly limited within the lesion. The cavernoma should always be resected piece by piece, initially from the central part of cavernoma. Unlike CMs in other parts of brain, the venous anomalies associated with BSCMs and hemosiderin-stained brain tissue should be preserved [5, 32, 33] .
Sufficient dissection of arachnoid membrane and cisterns can enlarge the operational room and reduce retraction of the brain tissue. After dissecting cerebellomedullary fissure and inferior medullary velum in the telovelar approach to brainstem, the whole fourth ventricle can be exposed without splitting the vermis [22, 33] . In the retrosigmoid approach, releasing CSF from the cisterna magna or cerebellopotine cistern can relax the cerebellum and reduce retraction.
Endoscopy
With the development of endoscopic technique, a few surgeons are trying to resect BSCMs under endoscopy combined with the aid of MRI-guided navigation. Under the endoscopy, there was no difficulty in accessing the whole area of anterior side of brainstem. One of the advantages of endoscopy is that it can deliver the operative focus to the area between cranial nerves. The prominent problem is that how to prevent CSF leakage after operation. Endoscopic endonasal transclival approach resecting ventral pontine CMs was applied in several cases and achieved amazing outcomes [16, 22, 34] . We believe that endoscopy will become an important manner in resecting BSCMs with the development of endoscopic manipulation and skull base reconstruction technique.
Conclusion
The three common basic skull base approaches, combined with minimally invasive but maximally effective techniques can handle most of BSCMs with good surgical results. MRI-guided navigation and neurophysiological monitoring are essential during operation. Endoscopy will be an important manner in resecting BSCMs. The familiar and less invasive skull base approaches will replace the invasive and complex skull base approaches in handling the BSCMs and we conclude the minimally invasive basic skull base approaches to access the BSCMs.
